The follicle-associated epithelium (FAE) of Peyer ' s patches (PPs) transports antigens and microorganisms into mucosal lymphoid tissues where they are captured by subepithelial dendritic cells (DCs). Feeding of cholera toxin (CT) induced migration of subepithelial DCs to interfollicular T-cell areas within 24 h. This study investigated short-term effects of CT, Escherichia coli heat-labile toxin, and non-toxic derivatives on DC migration. CT or CTB injected into ligated intestinal loops induced significant increase in CD11c + DCs within the FAE within 90 min. In mice fed CT intragastrically, DC numbers in the FAE increased by 1 h, were maximal by 2 h, declined between 8 and 12 h, and were reversed by 24 h. Feeding of native LT, recombinant CTB, dibutyryl cyclic AMP, and to a lesser extent mutated CT(E29H) or mutated LT(R192G) had the same effect. Thus, both A and B subunits of enterotoxins, presumably acting through distinct signaling pathways, may promote capture of incoming antigens and pathogens by PP DCs.
INTRODUCTION
Mucosal immune responses to antigens, pathogens, and vaccines in the intestine are initiated at sites containing organized mucosal lymphoid tissues such as Peyer ' s patches (PPs). 1 Mucosal lymphoid follicles are covered by a follicle-associated epithelium (FAE) that contains M cells specialized for transport of macromolecules, particles, and microorganisms across the epithelial barrier. 2 Antigens and vaccines transported by M cells encounter a large cluster of CD11c + dendritic cells (DCs) located immediately under the FAE in the so-called " subepithelial dome " (SED) region that caps the mucosal lymphoid follicle. 3 -5 There is evidence that these DCs are attracted to the SED region of PP by chemokines, including CCL20 (MIP3 ) and CCL9, which are produced by epithelial cells of the FAE. 6 -9 In addition, a few CD11c + DCs are present within the FAE of normal mice, both within M-cell pockets and between other epithelial cells. 6 We and others have observed that DCs of the SED region can take up incoming particles and bacteria. 10 -12 It seems reasonable to assume that movement of DCs into a frontline, intraepithelial position would promote rapid capture of antigens and microorganisms. This could serve to protect the host against mucosal infection and could affect the efficacy of mucosal vaccines.
We recently reported that FAE cells of normal mouse PP express apical Toll-like receptors (TLRs), including TLR2, -4, and -5, and that intralumenal injection of TLR agonists had rapid, TLR-dependent effects on the FAE and associated DCs. 13 TLR2 activators, including peptidoglycan and Pam3Cys, 13 and the TLR5 activator flagellin (S. Chabot, M. Shawi, T. Eaves-Pyles, & M.R. Neutra, unpublished) induced migration of DCs into the FAE within 1 h. This very early effect, restricted to organized mucosal lymphoid tissues, would tend to promote antigen capture by local PP DCs and is consistent with the observed adjuvant effect of certain TLR activators when coadministered with antigen or formulated in mucosal vaccine delivery vehicles. 14, 15 These observations raised the possibility that other bacterial products such as enterotoxins, which are strong mucosal adjuvants, might also have early FAE-specific effects.
Cholera toxin, E. coli heat-labile toxin, and non-toxic derivatives induce dendritic cell migration into the follicle-associated epithelium of Peyer ' s patches ARTICLES Cholera toxin (CT) and Escherichia coli heat-labile toxin (LT) are powerful mucosal adjuvants when coadministered with antigen, and their non-toxic, pentameric B subunits (CTB and LTB) also have immunomodulatory effects. 16 -18 CT and CTB are rapidly endocytosed and transported across the FAE by M cells, 19 and they are delivered into the SED region, which is rich in immature DCs. 4 CT can bind via its B subunit to GM1 ganglioside on many cell types, including epithelial cells and DCs. Numerous studies have addressed the effects of CT on epithelial cells 20, 21 and the effects of CT and CTB on specific cells involved in development of adaptive immune responses. 22 -24 However, the innate responses of specific cells in organized lymphoid tissues in vivo are still not completely understood. Binding and endocytosis of CT holotoxin in intestinal epithelial cells results in a cascade of events that culminates in elevation of cyclic AMP (cAMP) and apical chloride secretion 20 as well as activation of NF-B and expression of cytokines that have immunomodulatory effects. 21, 25 Recently, CT was shown to induce a rapid, transient increase in immature subepithelial DCs in the connective tissue of intestinal villi, followed later by the appearance of increased numbers of mature DCs in mesenteric lymph nodes. 26 Although CT had no effect on DC numbers in PPs, 26 migration within the PP was not examined. DCs in the organized lymphoid tissue of PP can mature and migrate to local T-cell areas without leaving the mucosa. 4,6 Indeed, we previously reported that feeding of CT to mice induced movement of DCs from the SED region to the interfollicular T-cell areas of PP within 24 h, 12 an effect consistent with toxin-induced DC maturation. 4, 22, 23 Whether CT may have more rapid effects on the movements of DCs within PP was not examined.
The aim of this study was to explore the short-term effects of CT, LT, and their non-toxic derivatives on the movement of DCs in the mouse PP in vivo . The results show that intralumenal administration of native CT, either by injection or peroral feeding, induced a rapid increase in the number of DCs within the FAE. DC migration into the FAE was detected within 1 h after intragastric feeding, was maximal at 6 -8 h, and reversed within 24 h. Feeding of native LT, as well as CTB and mutated CT(E29H) 27 and LT(R192G) 28 with reduced enzymatic activities, also induced DC migration into the FAE to varying degrees. Surprisingly, dibutyryl cyclic AMP (d-cAMP) had the same effect. Together, these results suggest that both A and B subunits, presumably acting through distinct signaling pathways, may trigger the release of chemokines that attract DCs into the FAE, perhaps to enhance the capture of microorganisms and particles prior to their entry into organized mucosal lymphoid tissues.
RESULTS

CT and CTB subunits induce migration of DCs into the FAE in ligated intestinal loops
To test the possibility that CT or CTB may have short-term effects on movements of PP DCs, ligated intestinal loops were injected with CT or CTB (2.5 g in 100 l phosphate-buffered saline (PBS)), and PPs were harvested 90 min later. Because recombinant CTB (rCTB) was not available for the ligated loop experiments, we used purified native CTB that contained no detectable ADP-ribosyltransferase activity (H. Shubeita, Calbiochem, personal communication). The distribution of DCs in PP was analyzed in sections stained with anti-CD11c ( Figure 1 ). To visualize the boundary between the epithelium and connective tissue, basement membranes were stained with anti-laminin antibodies and nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) ( Figure 1a ). In normal untreated mice (data not shown) and PBS-injected controls ( Figure 1b ) , many CD11c + DCs were present in the SED region under the FAE and very few DCs were detected within the FAE, as reported previously. 6,13 In PPs exposed to luminal CT ( Figure 1c ) or CTB ( Figure 1d ) , the numbers of CD11c + DCs in the FAE were clearly increased. Subepithelial DCs appeared to increase as well, although this could not be accurately quantitated in the crowded SED region ( Figure 1d ). Neither CT nor CTB had detectable effects on the numbers of DCs within the epithelium of villi, but subepithelial or lamina propria DCs were not counted (data not shown). Quantitation confirmed that the CT-and CTB-induced increases in DCs within the FAE were significant ( Figure 2 ).
CT, LT, and rCTB induce migration of DCs into the FAE when fed perorally
To examine whether CT, CTB, and the related enterotoxin E. coli LT would induce DC migration into the FAE after peroral feeding, mice ( n = 4) were intragastrically fed 50 g of CT, LT, or rCTB in 200 l PBS. Although oral doses of 5 -10 g CT are sufficient to obtain an adjuvant effect in mice, 50 g was intentionally used here to produce local effects that could be detected morphologically in multiple distal PPs. This dose was used previously to demonstrate DC migration to T-cell areas of PP in tissue sections. 12 Control mice ( n = 3) were not fed. Distal ileal PPs were collected 6 h after feeding, and sections were stained with biotinylated anti-CD11c antibodies. In mice fed CT ( Figure 3b ), rCTB ( Figure 3c ), or LT ( Figure 3d ), the numbers of CD11c + DCs per FAE section clearly increased over controls ( Figure 3a ). The numbers of CD11c + DCs located in the SED also appeared to increase after CT, rCTB, or LT feeding ( Figure 3b -d ). DCs were rarely observed in the villus epithelium of control animals, and no increase was detected after CT or LT exposure (data not shown).
Kinetics of DC migration into the FAE of Peyer ' s patch after peroral administration of CT
To follow the time course of DC migration into the FAE in response to CT, groups of four mice were intragastrically fed 50 g CT and their PPs were collected at 1, 2, 4, 6, 8, or 12 h post-feeding and prepared as described above. Clear increases in CD11c + DCs within the FAE were noted at 1 h after feeding, and by 2 h, DC numbers had dramatically increased relative to controls ( Figure 4a ). DC numbers in the FAE remained elevated up to 6 -8 h but had declined at 12 h. In a previous study, we observed that 24 h after CT feeding, the number of DCs within the FAE was indistinguishable from controls. 12 Thus, CT resulted in rapid recruitment of DCs into the FAE, followed by gradual efflux.
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Movement of DCs into the FAE induced by mutated CT and LT toxins
The fact that DC migration responses to CT and CTB were indistinguishable suggested that the enzymatic A subunit played no role in the effect observed. On this basis, we predicted that the mutated enterotoxins CT(E29H) and LT(R192G) would be as effective as native toxins in inducing DC migration because, although they have significantly reduced enzymatic activity, they have functional B subunits. 27, 28 We began by documenting the relative ADP-ribosyltransferase activities of the toxin preparations used in our experiments, as measured by toxin-mediated cAMP-dependent Cl − secretory responses (Isc) in polarized T84 cell monolayers on Transwell inserts over a 2 h time course. CTB is known to be devoid of activity in this assay 29 and recombinant LTB (rLTB) lacked ADP-ribosyltransferase activity in the standard mouse Y-1 adrenal cell toxin assay (data not shown). In this experiment, rLTB served as a negative control and 1 n M d-cAMP served as a positive control. As expected, d-cAMP, induced a rapid increase in Isc, and rLTB had no effect ( Figure 4b ). Strong Cl − secretory responses were induced by native CT and LT after a lag phase of about 30 min (CT) or 100 min (LT) as reported previously. 20 CT(E29H) induced a Cl − secretory response that was similar in magnitude and timing to that elicited by native LT. In contrast, the Isc induced by LT(R192G) was lower than that induce by native LT or CT(E29H) and exhibited an extended lag time ( Figure 4b ).
The feeding protocol described above was then used to compare the DC migration effects of the mutated enterotoxins with those of CT and LT at 6 h, the time of maximal effect as determined above. Groups of BALB / c mice ( n = 5) were intragastrically fed 50 g of native CT, 50 g of native LT, or 50 or 100 g of recombinant CT(E29H) or LT(R192G) in 200 l PBS. An additional group of four mice was fed 50 g of rCTB. Control ARTICLES mice ( n = 3) were not fed. Four PPs from each mouse were collected 6 h later, and DCs were counted in frozen sections stained with anti-CD11c antibodies. In PPs from control mice, very few CD11c + DCs were present in the FAE and, as expected, DC numbers were significantly and comparably increased after feeding 50 g CT or LT ( Figure 4c ) or rCTB (data not shown). CT(E29H) was somewhat less effective: 100 g was required to produce an effect comparable to that of 50 g of native CT or LT. Fifty micrograms of LT(R192G) showed no effect and 100 g had a measurable but insignificant effect ( Figure 4c ). Thus, although rCTB was sufficient to induce DC migration, the mutated toxins, with presumably normal B subunits, showed reduced effects that seemed to correlate roughly with the reduced enzymatic activities of their A subunits.
The fact that the recombinant reagents were produced in E. coli raised the possibility that the DC migration effects of mutated toxins or rCTB subunit may have been due in part to contamination with lipopolysaccharide (LPS) or peptidoglycan. We had previously observed that injection of 200 l of a solution containing 100 g ml − 1 E. coli LPS (a total dose of about 10,000 EU) into ligated loops of mice resulted in migration of DCs into the FAE within 90 min. 15 A similar effect was observed in mice fed 200 l PBS containing 1 mg of Salmonella typhimurium LPS (equivalent to approximately 500,000 EU), and PP tissues were collected 6 h later (data not shown). Levels of LPS in the preparations of the recombinant reagents used in this study were analyzed by Limulus endotoxin assay. The rCTB preparation fed to mice contained very low LPS concentrations (0.75 EU ml − 1 ), and thus only about 0.15 EU was actually fed. Concentrations of LPS in the preparations of CT(E29H) and LT(R192G) fed to mice were even lower (0.12 and 0.16 EU ml − 1 , respectively). As these amounts are at least five orders of magnitude lower than the effective dose, it is unlikely that LPS contamination was responsible for the effects of rCTB, CT(E29H), or LT(R192G) on DC migration.
Because we had previously observed that TLR2 activators, including bacterial peptidoglycan and proteosomes composed of outer membrane proteins, induced DC migration into the FAE, 13,30 it was important to test the possibility that traces of these bacterial components may have contaminated our toxin preparations and produced the effect observed. We therefore tested CT in an in vitro assay using transfected HEK 293 cells expressing TLR2. These cells respond to specific TLR2 agonists with release of the chemokine MIP3 (CCL20), which can be detected by enzyme-linked immunosorbent assay as described previously. 30 HEK cells expressing TLR2 (but not HEK cells containing a control plasmid) responded to peptidoglycan and proteosomes containing Neisserial outer membrane proteins as reported previously, 30 but the TLR2-expressing cells showed no response to CT or CTB (data not shown).
Elevation of cAMP induces DC migration into the FAE
We then sought to evaluate the possible effect of the enzymatic A subunit on DC migration in vivo . The A subunit of CT or LT 
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cannot adhere to cells in the absence of B subunit and thus has no activity, but its effects on intestinal cells can be mimicked by intraluminal application of d-cAMP that readily penetrates cell membranes. We reasoned that if the ability of native enterotoxins to induce DCs migration into the FAE was mediated by B subunits alone, then d-cAMP should have no effect on DC migration in vivo . To test this, a solution containing 1 m M dcAMP was injected into ligated intestinal loops of four mice, each containing a PP. Ligated loops in other groups of four mice were injected with PBS containing 50 g ml − 1 of native CT, or PBS alone. After 6 h, PPs were harvested and processed, and CD11c + DCs were visualized and counted as above. After d-cAMP injection, DCs were dramatically increased in the FAE; the average number of DCs per FAE section was comparable or higher than that after injection of native CT ( Figure 4d ). Thus, elevation of intracellular cAMP in epithelial cells and / or DCs was associated with migration of DCs into the FAE.
DCs from the SED region can move into the FAE and capture incoming pathogens
DCs in the SED region and within the FAE of normal mice share phenotypic markers and are immature. 6 On this basis, it is assumed that FAE DCs have come from the SED region and that the function of FAE DCs is to capture incoming pathogens. To test these assumptions, we sought to " label " SED DCs, follow their movement into the FAE, and then visualize the uptake of the M cell-tropic pathogen, reovirus. We had previously shown that fluorescent polystyrene microparticles transcytosed by M cells are cleared from the FAE by 24 h and accumulate within DCs in the SED region. These SED DCs can be identified at later time points by their microparticle content. 12 Mice were thus fed red fluorescent polystyrene microparticles, and 24 h later the same mice were inoculated via ligated ileal loops with 10 12 particles per ml of live reovirus (type 1 Lang). One hour later, PPs from these loops were 
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collected, reovirus was labeled by immunostaining, and both virus and microparticles were visualized by fluorescence microscopy ( Figure 5 ). Most of the labeled reovirus was located on the apical surface of the FAE, primarily on M cells, as expected. 31 However, some labeled virus was colocalized with fluorescent microparticles in large cells, presumably DCs, within the FAE ( Figure 5 ). The lack of luminal microparticles at the time point examined suggested that these microparticlecontaining cells had come from the SED region. These results are consistent with the hypothesis that DCs can migrate from the SED into the FAE to capture incoming pathogens.
DISCUSSION
Luminal administration of the bacterial enterotoxins CT and LT resulted in rapid movement of DCs into the FAE, a site of antigen and pathogen entry. At first glance, this appears to conflict with our previous observation that feeding of CT induced migration of DCs in the opposite direction, from the SED region to T-cell areas of PP. However, these events are separated in time. After a single oral dose of CT, DC movement into the FAE began within 1 h, was maximal between 6 and 8 h, had declined by 12 h, and was reversed by 24 h, at which time migration of DCs from the SED region to T-cell areas was observed. 12 The rapidity of DC influx into the FAE and SED region of PP is similar to that of DC movement into the subepithelial connective tissue of villi (within 2 h after oral CT) reported by others. 26 Although the subsequent efflux of DCs from the FAE (between 12 and 24 h) was slower than that reported from villi, 26 both observations are consistent with the hypothesis that enterotoxin binding to epithelial cells results in short-term release of epithelial chemokines that attract immature DCs and that later the toxins, endocytosed antigens, and other factors result in DC maturation and chemokine-directed migration to T-cell areas. Villus DCs must exit the mucosa to reach T-cell areas in mesenteric lymph nodes, whereas PP DCs need only move to adjacent T-cell areas within the PP. This migration pattern is in agreement with evidence obtained by others and is consistent with current views of PP DC function in vivo . 4, 6 DCs are known to reside in various epithelia under normal, unstimulated conditions. Intraepithelial DCs are present in the stratified epithelia of skin, 32 tonsils, 33 and vaginal mucosa. 34 DCs are arranged in an orderly network within the airway epithelium 35 and are present in the villus epithelium of the small intestine 36 -38 of normal rodents. Movement of DCs into and out of intestinal epithelia in response to bacterial components other than toxins has been observed previously. Contact of Salmonella typhimurium with intestinal villus epithelium in vivo or intestinal cell monolayers in vitro triggered movement of DCs into the epithelium within 1 h, followed by efflux. 36 FAE is composed of epithelial cells whose phenotype is distinct from that of intestinal villi or the colonic surface, however, and the DCs associated with the FAE of organized mucosal lymphoid tissues, such as PPs, are phenotypically distinct from DCs elsewhere in the mucosa or in the lymph nodes. 3 -7 The results obtained here and in our recent studies support the idea that FAE cells and DCs in organized mucosal lymphoid tissues are highly responsive to bacterial products, including enterotoxins and TLR agonists.
CT, CTB, and presumably LT are efficiently transcytosed by M cells 19 and are known to have direct effects on DCs in vitro . For example, they induce DC maturation and upregulation of CCR7, 22 -24 a chemokine receptor that mediates DC migration toward MIP3 and secondary lymphoid organ chemokine gradients. 39 In PPs, however, this would drive DCs toward organized T-cell areas and away from the FAE. 4 Thus, it seems unlikely that the direct effects of these agents on DCs alone account for the rapid movement of DCs into the FAE that we observed. Rather, our observations are consistent with a growing body of evidence that production of chemokines by epithelial cells results in local gradients that attract DCs toward mucosal surfaces. 4 -9,40,41 Under normal conditions, these chemokine -receptor interactions appear to maintain the abundant DC population in the SED region, but epithelial CCL20 gene expression can be rapidly upregulated in response to bacterial components, 40, 42 including toxins. 26 The CCL20 gene is a target for NF-B, a transcription factor activated in epithelial cells in response to enteric pathogens. 42, 43 CT, LT, and d-cAMP can all cause activation of NF-B, 24,25 but it is not known whether this occurs in the FAE or whether upregulation of chemokine genes and enhanced chemokine synthesis in the FAE would be rapid enough to account for the DC migration that we observed at 1 and 2 h. In contrast, others observed that CCL20 mRNA was increased in the villus epithelium within 1 h after oral feeding of CT, and significant DC migration into villi occurred by 2 h. 26 The possibility remains that the enterotoxins in this study induced a rapid release of intracellular chemokine stores as well as increased expression of chemokine genes in the FAE. Increased release of CCL20, CCL9, and / or other chemokines by the FAE would explain the apparent increase in the number of DCs clustered in the SED region, but why did some DCs proceed further and enter the FAE? Plasma membrane molecules that participate in homotypic adherence and junction formation between epithelial cells, including E-cadherin and occludin, can 
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be expressed by DCs and upregulated in response to inflammatory mediators and microbial pathogens. 36, 44 This would tend to promote and stabilize DC -epithelial interactions, but it would not explain why DCs migrate across the basal lamina to enter the epithelium in the first place. In the stratified epithelia of tonsils and skin during inflammation, there are complementary chemokine gradients within the epithelium itself, and CCL20 expression in the most apical cell layers accounts for DC migration of Langerhans cell precursors into the epithelium. 45 In the single-layered epithelium of the intestine, more subtle gradients may occur, as secretory products are released by enterocytes into lateral intercellular spaces before diffusing into the connective tissue below. For example, the release of interleukin 8 from epithelial cells resulted in a cytokine gradient that attracted neutrophils into the lateral intercellular spaces. 46 Similarly, when FAE cells are stimulated to release chemokines, local intercellular chemokine concentrations may be transiently elevated to levels sufficient to induce DCs to cross the basal lamina and enter the epithelium. The fact that the basal lamina of the FAE is highly fenestrated 47 would facilitate this migration.
Available evidence indicates that the strongest adjuvant effects of CT and LT are closely linked to the ADP-ribosyltransferase activity of the A subunits. 16 In contrast, amino-acid substitution mutants of the A subunits of CT and LT, combined with native B subunits, have impaired ADP-ribosyltransferase activity but retain measurable adjuvant activity. 27, 28 The B subunits of CT and especially LT have immunomodulatory properties 18, 21 and CTB can enhance the uptake of coupled antigens through its epithelial cell-binding properties. 17 However, CTB and LTB failed to induce the release of immunomodulatory cytokines from cultured T84 cells in vitro , 21 and there is no evidence to date that CTB alone can evoke specific responses in intestinal epithelial cells. Little is known about the responses of the specialized FAE in vivo , however, and we do not know why purified or rCTB, whether fed or injected into the intestinal lumen, induced DC migration into the FAE as effectively as did CT holotoxin in this study. The direction of this migration was most likely determined by factors from epithelial cells, and the possibility remains that CTB can activate as yet unidentified signaling pathways in the FAE. When applied to mononuclear cells in vitro , the pentameric B subunit of LTIIb indirectly induced NF-B activation through interaction with TLR2, presumably by co-clustering in lipid rafts. 48 Although CTB did not exhibit this TLR2-mediated effect, 49 CTB crosslinks GM1 on apical membranes of intestinal epithelial cells and clusters receptors into lipid rafts, 20 an event that is generally associated with activation of signal-transduction pathways. 50 Given the multiple effects of enterotoxins or their derivatives on mucosal cells, it is not possible to measure separately the effect of rapid DC migration into the FAE on subsequent mucosal immune responses in vivo . It is clearly not a major mechanism of adjuvanticity because, although CTB alone induced early DC migration in this study, it has proven relatively ineffective as a mucosal adjuvant. 16 -18 The possibility remains that DC migration into the FAE is primarily a host defense mechanism designed to intercept pathogens, such as reovirus and Shigella that are taken up by M cells, and then infect epithelial cells via their more vulnerable basolateral surfaces. 51, 52 Much remains to be learned about the events that occur within and under the FAE during uptake of antigens and pathogens. Our observations support the idea that a broad range of microbial components can raise alerts in organized mucosal lymphoid tissues by activating rapid crosstalk between the FAE and underlying DCs.
METHODS
Animals and reagents. BALB / cAnNCr female mice, 6 -8 weeks old and specific pathogen free, were from Charles River Laboratories (Wilmington, MA). Native CT, rCTB subunit, rCTB -peroxidase conjugate, non-recombinant purified CTB subunit (devoid of ADP-ribosyltransferase activity), and S. typhimurium LPS were from Calbiochem Biosciences (La Jolla, CA). Recombinant mutated CT(E29H) was provided by Wyeth-Lederle Vaccines (Pearl River, NY). Native E. coli LT, rLTB, and mutated LT(R192G) were a gift from John Clements (Tulane University, New Orleans, LA). HEK 293 cells transfected with a plasmid encoding murine TLR2 or a control vector were provided by Egil Lien (University of Massachusetts, Worcester, MA). Red fluorescent polystyrene microspheres containing phycoerythrin (diameter 0.2 m) were from Polysciences (Warrington, PA). Reovirus T1L (Type 1 / Human / Ohio / Lang / 1953) was grown in mouse L929 fibroblast cells in suspension culture. Purified virions were prepared, quantitated, and tested for purity as described previously. 53 Administration of agents to mice. Water and food were withheld 4 h prior to administration of agents either by intragastric feeding or by injection into ligated loops of distal small intestine. For peroral (intragastric) feeding, agents were administrated in 200 l saline using a 1 ml syringe with a disposable 20-G, 1.5-inch blunt-end feeding needle (Popper, New Hyde Park, NY). After 1 -24 h, the mice were killed and the entire small intestine was removed and rinsed with cold PBS. At least four distal PPs were excised from each mouse, embedded in Tissue-Tek OCT embedding medium (Sakura Finetek, Torrance, CA), frozen in liquid nitrogencooled 2-methylbutane (Aldrich, Milwaukee, WI), and stored at − 20 ° C. PPs from mice that were fed fluorescent microparticles and reovirus were fixed in PBS containing 3 % paraformaldehyde prior to freezing. For ligated loop experiments, animals were anesthesized by IP injection of Avertin solution, and a 3 -5 cm segment of distal ileum containing a PP was ligated and injected with 100 or 200 l of PBS containing specific toxins or derivatives as described previously. 31 Ligated segments were removed and the PPs were excised, frozen, and processed as described above.
Immunostaining and microscopic analysis. Frozen sections of PP from all mice were cut at 3 -5 m on a Leica cryostat model CM3050 (Nussloch, Germany), mounted on S / P Superfrost Plus microscope slides (Allegiance, McGaw Park, IL), air-dried overnight, fixed with cold acetone for 2 min, and stained as described below. Coverslips were mounted with an aqueous solution containing Mowiol 4-88 (Calbiochem) and glycerol (Sigma, St Louis, MO) in 0.2 m Tris buffer, pH 8.5. Stained tissue sections were examined and photographed using a Zeiss Axiophot microscope (Zeiss, Germany) equipped with a digital camera.
To visualize DCs in PP sections from intragastrically fed mice, slides were treated with 1 % H 2 O 2 to neutralize endogenous peroxidase, blocked with PBS containing 2 % goat serum, and treated with biotinylated anti-CD11c antibodies (BD Pharmingen, San Diego, CA) followed by avidin-conjugated horseradish peroxidase (Sigma) and Sigma Fast 3,3 Ј -diaminobenzidine substrate solution. To visualize DCs in tissues from ligated loop experiments, acetone-fixed sections were blocked with PBS containing 2 % goat serum followed by the avidin -biotin blocking kit (Vector Laboratories, Burlingame, CA). Sections were then treated with biotin-conjugated rat anti-mouse-CD11c (BD Pharmingen) followed by Streptavidin-Alexa 555 and, in some cases, rabbit-anti-mouse ARTICLES laminin (ICN) followed by goat anti-rabbit-Alexa 488 (Molecular Probes, Carlsbad, CA). 4,6-Diamidino-2-phenylindole was used for staining of nuclei. Normal rabbit IgG (Santa Cruz Laboratories, Santa Cruz, CA), purified rat IgG2 a (eBioscience, San Diego, CA), or omission of primary antibodies served as negative controls. To visualize red fluorescent microspheres and reovirus in paraformaldehyde-fixed tissues, sections were stained with polyclonal rabbit anti-reovirus antiserum (1:2,000) followed by secondary biotinylated anti-rabbit antibodies and streptavidin -fluorescein isothiocyanate.
Quantitation and statistics. To determine the relative numbers of DCs in FAE samples after intragastric feeding of agents, four distal PPs from each of four mice were sectioned through, and a minimum of six sections obtained from the central region of each PP were stained as described above. For each PP, one section that included the apex of one or more follicle domes was selected and the number of CD11c + cells within the entire length of each FAE was recorded. Ligated loop experiments involved only one PP of each mouse; the treated PP was sectioned through and six separate FAEs from each PP that included the apex of a follicle dome were selected and photographed. A segment of FAE measuring 223 m in length was demarcated and all CD11c + cells located within the FAE segment were counted. To quantitate DCs within the villus epithelium of the same mice, a single villus sectioned longitudinally and lying within a 0.04 mm 2 area of the selected section was identified, and the number of CD11c + cells within the epithelium was recorded. Data were expressed as mean DCs per FAE segment or per villus epithelium ± s.e.m. Thus, in all experiments, the results for each treatment group of four mice were based on a total of 24 separate samples of FAE or villus. Statistical analyses were performed using Instat (GraphPad Software). Differences between groups were analyzed using the Bonferroni multiple comparison one-way analysis of variance or an unpaired t -test, and differences with P < 0.05 were considered statistically significant.
Electrophysiology. The human intestinal epithelial cell line T84 was cultured as described previously. 20, 54 T84 cells were seeded at confluent density onto 0.33 cm 2 polycarbonate Transwell inserts (Costar, Corning, NY) coated with a dilute collagen solution. Transepithelial resistances attained stable levels (ca. у 1,000 cm − 2 ) 7 days post-plating. Monolayers were equilibrated in Hank ' s balanced salt solution at 37 ° C, and short circuit current (Isc) and transepithelial resistance were measured with a dual voltage -current clamp device (University of Iowa, Iowa City, IA) as described previously. 54 Cells were pulsed with a 25-A current and the change in Isc was recorded until a stable Isc was obtained. Toxins or derivatives (10 n m ) were then added to the apical compartment and cells were maintained at 37 ° C over a 2-h time course during which changes in Isc were recorded at timed intervals.
Endotoxin assay. LPS contamination in the native toxin, mutant toxin, and recombinant B subunit preparations was determined by Limulus assay (Bio-Whittaker, Walkersville, MD) according to the manufacturer ' s instructions. The concentration of endotoxin in test samples was calculated from their spectrophotometric absorbance at 405 nm using an LPS solution provided by the manufacturer as standard.
HEK 293 cell assay for MIP3 release. HEK 293 cells transfected with plasmids encoding murine TLR2 or with control vector were seeded in 96-well plates at a density of 2.5 × 10 4 cells per well. When confluency was reached, cells were incubated for 24 h in triplicate with 10 g ml − 1 peptidoglycan, 10 g ml − 1 proteosomes containing Neisserial outer membrane proteins, 10 g ml − 1 CT or purified CTB, or no additives. Levels of MIP3 in the culture medium were analyzed with a quantitative sandwich enzyme immunoassay (ELISA) technique using an MIP3 protein standard provided by the manufacturer (R & D Systems, Minneapolis, MN ). Statistical analyses were performed with Instat (GraphPad Software), and differences between groups were analyzed with the Bonferroni multiple comparison one-way analysis of variance.
